A LTHOUGH THERE HAS BEEN some disagreement over the fundamental nature of the calcium-transport process in the rat small intestine ( 1 1), the bulk of the evidence available in the literature supports the idea that calcium is moved by an active mechanism ( 13, 19, 27) . Recent data showing that calcium moves up an electrochemical potential gradient by an energy-dependent, saturable, cation-oriented process has len t very strong support to the active-transport case ( 17, 25). These experiments have also shown that efficient calcium transport can take place in a medium in which the only other physiologically important ions present in addition to calcium are sodium and chloride.
This fact, together with the fact that sodium is required for active intestinal transport of amino acids, sugars, and purines (5, 6), led to the present series of experiments which were designed to determine whether sodium was required for intestinal calcium transport or whether the process could proceed in the complete absence of any added physiological ions.
METHODS
All experiments were conducted with young, male, albino rats obtained as weanlings from the SpragueDawley Company, Madison, Wis. The animals were housed individually in hanging wire cages and raised for 4-5 weeks on the vitamin D-deficient diet described by DeLuca et al. (7) . Animals weighing between 100 and 140 g after 4 weeks on the diet were used for the experiments.
Unless stated otherwise, each animal received 40,000 IU vitamin D3 48 hr before the experiment and was fasted overnight before use. Calcium transport was studied using an everted gutsac technique based on that of Wilson and Wiseman (30) as adapted for calcium transport by Schachter and Rosen (22). The animals were killed by decapitation and the first 10 cm of the intestine distal to the pyloric valve dissected free. The tissue was immediately rinsed with an isotonic solution of either sodium chloride, choline chloride, or mannitol. The choice of the rinse solution depended on the composition of the incubation medium to be used with that particular sac; choline chloride or mannitol was used whenever the same compound was included in the incubation medium. Following the rinse, much of the mesentery was trimmed free and the intestine everted in a manner such that the distal end of the segment remained tied to the everting rod. The intestine was then tied with a ligature just distal to the pyloric valve and rinsed as before. It was then blotted, trimmed to a length of 5.5 cm, and filled with 0.5 ml of incubation medium using a syringe fitted with a blunt needle. The sac was then placed in a 25-ml Erlenmeyer flask containing 10 ml of the same incubation medium and incubated at 37 C for 90 min unless otherwise stated. Oxygen was continuously bubbled through the incubation medium throughout the experiment.
In experiments in which the inside fluid of the sac was changed, the sac was removed from the flask and most of the fluid allowed to drip off. After the final drop was carefully blotted away, the sac was cut and drained from the pyloric end, placed on a piece of glass, and rinsed both inside and out with the incubation medium into which it was to be transferred. It was then refilled with 0.4 ml of the incubation medium to be used and placed in a fresh flask.
The Table 4 . A comparison of data from sacs that have been transferred from choline to sodium medium with data from sacs transferred from sodium medium to fresh sodium medium shows no significant change in the amount of calcium released from the tissue to the serosal medium although both the uptake from the mucosal medium and the S/M concentration ratios were significantly lower with choline medium. The effects are relatively small however, and in view of the fact that even at 30 min the amount of tracer transferred to the serosal fluid is 4 times greater with sodium than with choline medium, it seems unlikely that a rapid irreversible damage to the transport mechanism can explain the lack of calcium transport in choline medium.
Unfortunately, the results with mannitol are not nearly as clear cut. As shown in Table 4 , sacs preincubated in TABLE   3 . Calcium transport in gut acs incubated for 30 min ditions were very similar to those used for the experiments reported in Table 1 . There was little difference in calcium transport when sodium was replaced by choline chloride in the presence of potassium and phosphate although the sacs incubated in choline medium did take up significantly more calcium from the mucosal fluids than the sacs incubated in sodium medium (Table  2) . However, when potassium and phosphate were replaced by Tris-Cl buffer, calcium transport increased markedly and the sensitivity of the transport process to sodium deletion appeared once again. No further attempt has yet been made to determine whether the inclusion of potassium or phosphate alone can account for the failure to observe the sodium effect or whether it is necessary for both ions to be present at the same time.
Stability of tissue to incubation in sodium-free medium. There are, of course, many possible mechanisms by which the deletion of sodium from the incubation medium might result in decreased calcium transport.
One possibility is that incubation of the tissue in the absence of sodium might result in a rapid and irreversible damage to the transporting cell or transport mechanism, thereby preventing further calcium transport. Gut sacs were preincubated in complete medium either with or without sodium for 30 min. They were then drained, rinsed, refilled, and incubated in fresh flasks for an additional 90 min. A 30-min preincubation was considered long enough to result in damage to the transport system if it were to occur since calcium transport was greatly reduced in sodium-free medium at this time (Table 3 ). The differences in change in serosal concentration among the three groups are all significant.
The decrease in serosal tracer concentration in mannitol media will be discussed later. In any event, much longer preincubations were not feasible, since a preliminary experiment showed that sacs incubated for 90 min in complete sodium medium were unable to carry on further transport when refilled He showed that when the sodium chloride was replaced only in the mucosal medium the potential difference was a linear function of the logarithm of the sodium concentration and concluded that the potentials were due to differences in the rate of diffusion of sodium and chloride through the tissues. Similar data obtained from rat duodenum are shown in Fig. 2 tissue. A single point is shown in Fig. 2 . Wright also found similar results with rat jejunum.
The asymmetry of the results may be accounted for by the different permeability characteristics for sodium and chloride in the mucosal epithelium and the muscle layers of the intestine. Thus, it seems likely that the electrical potential gradient through the tissue is not smooth but varies with the characteristics of the various diffusion barriers within the tissue.
Under most circumstances the serosal medium carries a positive potential relative to the mucosal medium (32)
indicates that the transmural potential is not the only factor operating under these conditions.
Measurements of fluid volume. The fluid volume drained from the sac was measured to be sure that the decrease in calcium transport in the absence of sodium could not be due to changes in net water movement.
An average of 80 =t 1.0 % of the initial serosal fluid volume was recovered from sacs incubated in sodium chloride medium while an average of 77.9 =t 1.2 and 83.4 =t 1.5 % was recovered from sacs incubated in choline chloride and mannitol media, respectively. The differences between these recovered serosal fluid volumes are too small to account for the relatively large differences in calcium transport found under these conditions. These data agree closely with those reported by Schachter and co-workers (20, 23). Harrison and Harrison ( 10) have reported larger relative changes in fluid volumes in their preparation. The difference between their results and the present results may be due in part to the fact that they used smaller serosal fluid volumes relative to the amount of tissue and incubated the sacs for a much longer period of time.
Optimum sodium concentration. A series of experiments were run in which sodium was replaced with graded levels of either choline chloride or mannitol in order to determine the optimum sodium concentration for calcium transport. The results are given in Figs. 3-5. When choline medium was used there was a gradual increase in tracer transferred to the serosal medium and a corresponding increase in tracer uptake at the mucosal surface resulting in a gradual increase in S/M ratio. When sodium was replaced with mannitol, however, the results were radically different. Both the tracer transferred to the serosal medium and the uptake from the mucosal fluid had maxima at about 40 mM sodium, resulting in a corresponding increase in S/M ratio at the same concentration. The tracer calcium content of the tissue was also Samples of the tissue were taken after draining the sac at the end of the incubation. The tissue sample was rinsed quickly in isotonic saline, blotted, weighed, dissolved in NCS reagent, and radioactivity determined by liquid scintillation counting. The tissue was found to be very fragile after the incubation and much if not all the mucosal epithelium was lost during the blotting operation. Thus, the tissue sample finally obtained doubtless consisted largely of the muscle layer of the intestine and some adhering submucosal cells. The data obtained are shown in Fig. 6 . The qualitative pattern was the same as that found for the S/M ratio and the transfer of calcium to the serosal medium.
These data provide evidence against the possibility that the decrease in calcium transferred to the serosal medium in sodium-free medium is due only to the increased uptake of calcium by the muscle and submucosal layers of the tissue. If there were no direct effect of sodium on the transport mechanism, and if the only reason for the decreased transport of ca lcium to the absence of sodium was an increased uptake of calci urn bv Table 5 show this effect clearly. Since little or none of the tracer in the serosal medium of a sac prepared from a vitamin D-deficient rat results from active transport, changes in the serosal tracer concentration in these sacs must result from some other process. Thus, if the submucosal and muscle layers of the tissue were to take up increased amounts of calcium in the absence of sodium, the calcium would have to come from the serosal medium and extracellular fluid rather than from the mucosal medium via the active-transport process. Consequently, a decrease in the serosal tracer level should be observed in sacs from deficient animals. The data in Table 5 show that this did not happen in the case of choline replacement for sodium. The serosal tracer levels were the same for sacs incubated in choline chloride medium from both deficient and vitamin-treated animals as it was in sacs from deficient animals incubated in sodium chloride medium. However, there was a substantial decrease in serosal tracer concentrations in sacs from both deficient and vitamin D-treated animals incubated in mannitol medium, indicating that increased uptake of calcium by the muscle and submucosa may contribute to the decrease in calcium transport in that case (cf . Table 3 ). However, the fact that the decrease is only about 15 % of the increase in serosal concentration in sacs from vitamin D-treated animals incubated in sodium chloride medium and the fact that the decrease is the same in sacs from both deficient and treated rats makes it seem unlikely that increased uptake of calcium by the muscle and submucosa can quantitatively account for the decrease in calcium transport observed in mannitol medium. Nonetheless, the uptake from the serosal medium by the tissue incubated in mannitol medium explains why the residual transport was found to be less in tissue incubated in mannitol than in tissue incubated in choline in the first experiments. Total calcium measurements. Total calcium was measured by the calcein method ( 16) in one series of experiments. In general, the results were qualitatively similar to the results obtained with tracer measurements, although the increase in total calcium in the serosal medium was greater than the increase in tracer concentration, and the decrease in total calcium in the mucosal medium was less than the decrease in tracer concentration. These differences were undoubtedly due to calcium diffusing from the tissue. Other workers have reported that after 2-3 hr of incubation, the specific activity of the tracer was the same in both the-serosal and mucosal fluids. However, the sacs in the present experiments were not incubated long enough for-this state of equilibrium to be attained.
E$ect of ouabain. The sodium-dependent transport of sugars and amino acids in some intestinal systems is known to be blocked by ouabain, an inhibitor of the sodium, potassium-dependent adenosinetriphosphatase (24). This inhibitor had no effect on calcium transport by gut sacs when added to the incubation medium at a concentration of 1 mM. About 1 ml of heparinized blood containing 1 mM ouabain was perfused into the superior mesenteric artery before the experiment to be sure the inhibitor reached the basal membranes of the mucosal cells. Unfortunately, this experiment provides little additional evidence on the mechanism of action of sodium since the sensitivity of intestinal transport systems and sodium, potassium-dependent ATPases varies greatly amoung various species (21). The sodium, potassiumdependent ATPase from rat intestine is relatively insensitive'lto ouabain ( 1) and it has been reported at least once that glucose transport by rat intestine is not inhibited by ouabain (4). E$ect of sodium on initial rates of transbort. The effects of _-replacemen t of sodium with either mannitol or choline chloride on the initial velocities of calcium uptake across the mucosal membrane are shown in Fig. 7 . Replacement of sodium chloride with choline chloride results in no change in the rate of calcium uptake while the rate is increased when sodium chloride is replaced with mannitol. It is clear from these results that the decrease in calci urn tra nsport by gut sacs in the absence of sodium TIME, MINUTES FIG. 7. Effect of deleting sodium from the incubation medium on the initial rate of uptake of calcium from the mucosal medium. Vertical bars are standard errors of the means. Stimulation of uptake by mannitol is significant at both 1 and 5 min (1 y0 confidence level). cannot be accounted for by a decreased rate of uptake of calcium at the mucosal membrane. Thus, the site of action of sodium in gut sac transport must be elsewhere in the transport system, possibly the basal-lateral membrane of the epithelial cell. In this respect, this system apparently differs from other sodium requiring transport systems such as those for sugars, amino acids, and purines (5, 6). In all of the latter systems, sodium greatly facilitates the movement of the molecules across the brush border of the epithelial cell.
DISCUSSION
Nature of the sodium e$ect. thought to have no influence been found to be required for optimal calcium transport by intestinal sacs. Although the mode of action of sodium Sodium ion, previously on calcium transport, has remains unknown, several possible mechanisms have been eliminated.
The decrease in transport in the absence of sodium is unlikely to be due to damage to the transport mechanism or to nonspecific cell damage since the tissue recovered nearly complete transport activity after a 30-min preincubation period in choline chloride medium.
Tissue incubated in mannitol did not fully recover however, and a lack of tissue stability to incubation crea in m se in .annitol may be important in transport in sodium-free med tha mm t case. The dealso canno t be due to changes in the transmural electrical potential since the serosal medium becomes strongly negative with respect to the mucosal medium when sodium is removed, thereby increasing the electrical driving force for calcium movement into the sac. Two lines of evidence indicate that an increased uptake of calcium by the submucosa and muscle layers of the intestine probably cannot account for the decrease in calcium transport.
First, uptake of calcium from the mucosal medium is stimulated by added sodium in the case of both choline chloride and mannitol while the tracer content of the muscle either changes little with increasing sodium maximum at an as in in the case of choline or shows a termediate sodium concentration as in the case of mannitol. This is not the type of data that would be expected if the only result of sodium deletion were the stimulation of calcium uptake by the submucosa and muscle layers. Instead, maximal uptake by the tissue from the mucosal medium would be expected to be greatest in the absence of sodium where the added driving force due to the transmural electrical potential is greatest. In the second place, only small amounts of calcium are taken up from the serosal medium by tissue from vitamin D-deficient rats. Since net calcium movement from mucosal to serosal is normally very low in gut sacs from these animals, the data give a measure of the capacity of the muscle and submucosal layers to take up additional calcium in the absence of sodium. These data show this factor to be small relative to the amount that can be transported.
Since both the gut sac experiments and the measurements of the initial rates of calcium uptake by the mucosa (Figs. 3-6) . The difference in maxima between choline chloride and mannitol replacement may be due to a number of factors, such as the difference in calcium uptake by the submucosal and muscle layers of the tissue or to differences in the electrical gradients in the tissue in the presence of the two compounds. The transmural potentials observed in mannitol media are much greater than those observed in choline media at low sodium concentrations, whereas the potentials are nearly the same at 80 mM sodium. The final, steady-state S/M ratio will be a resultant of the active-transport mechanism and the transmural electrical potential. In sodium-free media there is no active-transport factor and the S/M ratios for mannitol and choline are nearly the same, conditioned only by differences in calcium uptake by the underlying layers of the tissue. However, when sodium is added, active transport occurs and the higher transmural potentials observed with mannitol replacement result in higher S/M ratios than observed with choline. At still higher sodium levels the potentials are more nearly the same and the S/M ratios observed with mannitol and choline are more nearly the same. The observed S/M ratios can be semiquantitatively accounted for by thermodynamic calculations ( 17). Many possible mechanisms of coupling energy of the transport system to transmural potential can be envisioned. All that is required over-all is that diffusion be much less important kinetically than active transport so that rapid back fluxes due to diffusion do not destroy the ion gradients as they are formed. The gut sac almost certainly satisfies this criterion.
Dietary lactose and calcium absorption. The present data also bear on another unsolved problem in calcium nutrition. It has been known for many years that certain sugars, polyalcohols, and amino acids stimulate calcium absorption when administered in large quantities in the diet. These compounds have also been shown to stimulate absorption from isolated gut loops in situ, and much of the most useful information on the effect has come from these studies ( 14, 15). It was found in these experiments that the effect appeared rapidly and required the simultaneous presence of both the active compound and calcium. The most sensitive region of the intestine was found to be the ileum, although the effect was also observed in both the jejunum and the duodenum. Though several explanations have been offered for the effect (8, 26), perhaps the simplest explanation is that the increased absorption of calcium in the presence of these compounds is due to changes in transmural electrical potential similar to those observed in gut sacs with mannitol and choline.
These electrical potentials certainly must explain the results of the in situ gut loop experiments since the test solutions used were simply solutions containing calcium chloride and a high concentration of the sugar (0.5 M) ( 14, 15). With a solution of this composition in the lumen, the serosal side would carry a strong negative potential with respect to the mucosal side and calcium movement from lumen to blood would be increased. It is interesting to note in this respect that the absorption of other divalent ions such as magnesium, strontium, barium, and radium was also found to be increased by these compounds (26). These ions are not actively transported by gut sacs (20).
Whether the electrical potentials can explain the increased calcium absorption following dietary administration of the compounds is less certain. Other workers have proposed that this stimulation results from the fact that the compounds are either not absorbed, as in the case of mannitol, or relatively poorly absorbed, as in the case of lactose, so that they move farther down the intestine than does glucose and are thus able to exert their effects on the ileum (8, 26). The same process may result in changes in transmural electrical potential in the lower regions of the intestine. If the bulk of sodium and glucose in the diet were absorbed in the upper and middle regions of the intestine, the inte stinal contents remaining would be an isotonic solution of th .e active compound and the other intestinal contents.
As this low sodium mixture moved down the intestine then, the transmural potentials would build up, causing the increase in calcium movement. Actually no net negative potential is required to increase the rate of calcium movement, only a decrease in magnitude of the normally positive electrical potential difference (serosal with respect to mucosal).
In the ab-
